The knowledge of ground return current in fault occurrence plays a key role in the dimensioning of the earthing grid of substations and of cable sealing end compounds, in the computation of rise of earth potential at substation sites and in electromagnetic interference (EMI) on neighbouring parallel metallic conductors (pipes, handrails, etc.). Moreover, the ground return current evaluation is also important in steady-state regime since this stray current can be responsible for EMI and also for alternating current (AC) corrosion. In fault situations and under some assumptions, the ground return current value at a substation site can be computed by means of k-factors. The paper shows that these simplified and approximated approaches have a lot of limitations and only multiconductor analysis can show the ground return current behaviour along the cable (not only the two end values) both in steady-state regime and in short circuit occurrence (e.g., phase-to-ground and phase-to-phase-to-ground). Multiconductor cell analysis (MCA) considers the cable system in its real asymmetry without simplified and approximated hypotheses. The sensitivity of ground return current on circuit parameters (cross-bonding box resistances, substation earthing resistances, soil resistivity) is presented in the paper.
Introduction
Undergrounding electrical power is and will be more and more in the future an unavoidable and paramount issue for the development and reinforcement of extra high voltage (EHV) electric grid. Whereas there are numerous contributions in technical literature concerning the ground return current in overhead lines (OHL), the same issue for underground insulated cables (UGC) does not seem to have been investigated other than for cross-bonded EHV UGC. The paper deals with this topic. The use of multiconductor cell analysis (MCA) (implemented in MATLAB environment) for asymmetric power systems has been already presented with reference to:
 EHV overhead lines with any number of earth wires [1] ;  Milliken conductors [2] ;  Harmonic behaviour of high voltage direct current (HVDC) cables [3] ;  Distribution line carrier (DLC) in medium voltage (MV) network [4] ;  Alternating current (AC) gas Insulated transmission Lines (GILs) [5] ;  AC high-speed railway supply [6] .
In particular, the application of MCA to AC EHV UGC has been reported in [7] . When the aim is the computation of the rise of earth potential (ROEP) at substation sites there are several contributions in the literatures involving the k-factors [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These contributions are generally based on solidly-bonded (SB) cables and are not applicable to cross-bonded cables. Solid bonding is a usual screen arrangement for low voltage (LV) and MV insulated cables and short high voltage (HV) and EHV cables used as substation entry connections. Otherwise, cross-bonded HV and EHV cables are used. Extensive comparisons between MCA and ElectroMagnetic Transient Program-Restructured Version (EMTP-RV) have shown a very good agreement. The computation of the short circuit current by means of sequence theory is also presented.
Fault Occurrence in a Cross-Bonded Single Circuit Cable Line by Means of Multiconductor Cell Analysis
The first situation to be investigated is depicted in Figure 1 . The single-circuit cross-bonded (CB) with phase transpositions (PTs) UGC is supplied at both ends. The fault levels (sub-transient three-phase and single-phase short circuit currents) are shown in the same figure (true values of Great Britain nodes). Single-circuit UGC I 3-ph =31.1 kA I 1-ph =32.7 kA
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Let us suppose a phase-to-screen short circuit at the UGC midline (i.e., 5.4 km from sending and receiving ends with UGC length = 10.8 km). The UGC characteristics are reported in Table 1 and the MCA model in Figure 2 . It is worth remembering that, after IEC 60909-0 [22] , the phase conductor must be computed at 20 °C (so that also the proximity and skin effect parameters ys and yp must be computed at 20 °C). The use of PTs has been chosen in tune with the Great Britain installation but MCA can consider also un-transposed cable lines. 
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The phase 2-screen 5 short circuit (at 5.4 km from sending and receiving ends) current is equal to: 1P 51.5 28 kA 58.6 kA 151.5
The short circuit current returns equally (see Figure 3 ; the value is about 9.82 kA) in all the screens due to the presence of CB; but at any intermediate screen bonding and earthing point, it slightly decreases since there is an injection into the earth; consequently the ground return current of Figure 4 obviously increases at the same locations. The ground return current is rather high (maximum 1.65 kA) since, as it will be demonstrated, the CB box resistances are low (equal to 5 Ω as in Table 1 ). In the following the dependence of |IGR| upon this parameter is also shown. The case of CB without PTs has no great differences with the case of CB with PTs and it is not reported. In order to understand the sensitivity of |IGR| on the circuit parameters and the fault locations the following Figures 5-9 are very helpful. . If the CB box resistance is high (e.g., R = 20 Ω) the ground return current decreases meaningfully (it reduces from 1.65 kA to 0.5 kA of Figure 5 ). The sharing of fault current in the screens is rather unaffected by the CB box resistances but, of course, with lower ground return current there are higher current in the screens. Therefore, it is demonstrated that an important role is played by the CB box resistances (at major section location) which are responsible for the injection of current into the earth and hence for the creation of |IGR|.
The last value of R = 1 GΩ is meaningful for the continuous CB namely, in the CB boxes (at major section locations), the screens are not bonded and not earthed. This can be easily accounted for in the MCA, by setting R → ∞ (it is sufficient to set R = 1 GΩ and contact resistances [7] Rcont = 1 GΩ). It is not a theoretical case since it has been employed in the St. Johns Wood-Elstree UGC [23, 24] : a 20 km long 400 kV cross-linked polyethylene (XLPE)-insulated cable system. In this UGC, the continuous cross-bonding method has been employed since it is a tunnel installation [25] and could not use a distributed earthing system inside the tunnel. This practice is very convenient for ground return current (since CB becomes a kind of SB with the differences that the screens are transposed) but not for screen induced voltages since there are not locations along the line where the screens are linked to the earth anymore (but at the substation locations). The sensitivity of ground return current on the soil resistivity is less important than that on CB box resistances. Figure 6 shows the different ground return current magnitudes for ρearth = 20 Ω·m, 100 Ω·m, 1000 Ω·m and 10000 Ω·m unchanged with the CB box resistances = 5 Ω. It is worth noting that 971.2 ρearth = 20 Ω·m is representative of British soil conditions for the vast majority of locations. All the above mentioned results are based on the assumption that the two earthing grid substation resistances are equal to 0.1 Ω. This is rather reasonable for an EHV substation. A range where this resistance can change is about 0.02 ÷ 0.3 Ω depending upon the substation extension and the earth resistivity. The ground return current is extremely sensitive to the substation grid resistances which are mostly responsible for the screen voltage behaviour. The higher is the substation grid resistances the more the screens are "floating". Since the line length is not great, the substation grid resistances (together with the lumped resistances of CB boxes) play a key role in the IGR. In order to understand this influence, in Figure 7 , by fixing the values of CB box resistances (i.e., 5 Ω), different ground return current magnitude behaviours are shown (for a midline short circuit between phase 2 and screen 5) with different substation grid resistances from Rsub = 0.02 Ω to Rsub = 1.00 Ω.
The above presented cases deal with phase 2-screen 5 short circuit at midline. If the short circuit occurs at different locations along the line, |IGR| behaviour changes very slightly. In order to confirm it, Figure 8 shows |IGR| behaviour for three short-circuit locations:
i. at S substation; ii. at R substation; iii. at 3.9 km from S substation.
Other types of short circuit are not considered in this paper (e.g., phase-to-phase-to-ground short circuit) since, along the line, the only (and more probable) short circuit is the phase-to-screen one.
Ground Return Current in Double Circuit Underground Cable
When a double-circuit UGC in electrical parallel is employed (Figure 9 ), |IGR| behaviour, during a short circuit on a faulted circuit, lessens due to the presence of the unfaulted circuit screens. Figure 10 shows the sharing of short circuit current magnitude on the different screens: the unfaulted circuit screens subtract current to the ground. This is confirmed by the comparison of |IGR| in Figure 4 with that of Figure 11 . Ground return current for two different fault locations is shown in Figure 12 . 
Comparison with k-Factors
In this section a comparison between MCA and k-factor approaches found in technical literature [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and international standards [20, 21] is presented. Figure 13 shows a single-circuit solid-bonded UGC during a phase 1-to-screen 4 short circuit: it occurs at receiving-end. The circuit is fed by an ideal three-phase voltage source, and it is open-circuited at receiving-end. Single-circuit UGC of tab. 1
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It is worth remembering that the k-factor is defined as:
GR (at sending-end substation) 1P(at fault location)
In this case three analytical expressions [17, 20] 
S 0 0 S 3 Sm 12 13
where Zss = self-impedance of screen, Zc1s1 = mutual impedance between phase conductor and screen, Zs1s2 = mutual impedance between two adjacent cables, Zs1s3 = mutual impedance between outer cables. These impedances can be easily computed by means of Carson-Clem formulae [7] . Substation resistances are not considered in Equation (3) whereas in Equation (2) they can be accounted for. Equation (4) is given by IEC 60909-2 [20] (and IEC 60909-3 [21] ) for cables in trefoil arrangement, where RS = resistance of metallic screen (Ω/km), μ0 = 4π·10
(H/km), rSm = 0.5(rS_in + rS_out) (m), d12 = distance between adjacent cables (m), d13 = distance between outer cables (m).
IEC 60909-3 [21] states that the result found from Equation (4) is the exact result for a triangular configuration. For a flat configuration the result of Equation (4) can be used as a sufficient approximation for this standard, independently if the line-to-earth short-circuit current will occur in an outer cable or the central cable of the flat configuration.
By using Equation (4) of IEC, it yields:
so that the agreement is extremely good with Equations (2) and (3) in the literature, but not with IEC Equation (4) (which underestimates the ground return current by 11.5%). Each reader can evaluate if the IEC approximation provides sufficient accuracy for the intended application. It has been shown that in trefoil arrangement the agreement between literature formulae and MCA is excellent. Moreover, it has been verified with MCA that the behaviour of ground return current during phase 1-to-screen 4 short circuit is constant along the line. If the short circuit location is along the line at ℓ distance from sending-end, the paper [8] gives this general formula:
where ℓ is the distance between sending-end and fault location and L is the cable length. By comparing MCA and k-factor for the last situation (short circuit along the line) it is confirmed a whole agreement (Table 2) . 
Cross-Bonded Cable
It is worth noting that applying the k-factors derived for solidly-bonded cables to cross-bonding cables is not valid and produces an underestimate. By replacing the cables of Figure 13 with a cross-bonded cable and by means of MCA, Figure 14 shows the magnitude of the following ratio:
i.e., the percent ratio between the behaviour of |IGR| along the line and the short circuit current |I1P| at fault location. By using Equation (1) in MCA it yields |k| = 6.25% (this is the first point of the curve in Figure 14 ). Without the phase transpositions the k-factor slightly increases, i.e., |k| = 6.59%. This is almost twice of |k| = 3.32% computed from equations derived for solidly bonded cables. Clearly, these equations are not applicable to CB (with or without phase transposition) UGC. 
Comparison with ElectroMagnetic Transient Program-Restructured Version
With reference to the configuration of Figure 1 , all the MCA results have been extensively validated by EMTP-RV comparisons. In the following a brief report of this comparison is shown. In Figure 15 , the screen voltage magnitudes under phase-to-screen short circuit at midline calculated by means of MCA and EMTP-RV are compared. The maximum percentage difference in the screen voltage magnitudes between the MCA and EMTP-RV is less than 0.3%. Similarly, for the two methods, the maximum percentage difference in screen currents is less than 0.05%, i.e., practically zero.
In Figure 16 , the comparison between ground return current behaviours is shown. The differences between MCA and EMTP-RV behaviours are only due to the different lengths of EMTP-RV (150 m) and MCA (10 m In conclusion, the difference between the results obtained by means of EMTP-RV and those by means of MCA is negligible (<0.5%).
Comparison with Sequence Theory
In this section a comparison with the sequence theory is performed since it could be a helpful tool for readers. Of course, this approach is valid only for symmetric lines and UGC has always a given degree of asymmetry (almost negligible if CB with PTs is performed). However, only in order to have an idea of the errors by considering the line as a perfectly symmetric one, it is possible to compute the UGC sequence impedances (SI). The scheme to be considered is shown in Figure 17 for the positive (negative) and zero sequences respectively. With regard to the UGC impedances, the positive-negative and zero sequence kilometric impedances have been already computed (Table 1) and their values as seen from the fault location are reported in Figure 17 . The single-phase short circuit current is given by: 
where c is equal to 1.1 according to IEC 60909-1. It is extremely low since the UGC CB with PTs is almost symmetric. The error would have been greater if PTs are not performed. The sequence theory can be also used to investigate the point along the line where the lower and higher short circuit current (phase-to-screen fault) occurs. By considering the fault levels, the sequence impedances for each substation can be computed by the well-known formulae shown in [1] ; with regard to the UGC impedances, the computation of positive-negative and zero sequence kilometric impedances is explained in detail in [26] . In Figure 18 , the phase-to-screen short The point where the minimum fault current occurs (|I1P| = 58.588 kA) is at 3.9 km from substation S, whereas the maximum fault current is for a fault at substation R (|I1P| = 59.278 kA). Figure 18 . Phase-to-screen short circuit current magnitude along line in a single circuit UGC.
The differences between the results obtained by means of sequence theory and MCA are very small. With regard to the double circuit, Table 3 shows the different results by means of MCA and sequence theory by neglecting the mutual zero sequence impedance. The very small differences reported in Table 3 demonstrate that, for UGC, it is licit to neglect the mutual zero sequence impedance due to the great spacing between the two circuits. The scheme to be considered is shown in Figure 19 for the positive and zero sequences respectively. The single-phase short circuit current is given by: Figure 19 . Faulted double circuit UGC: positive and zero sequence circuit for single-phase short circuit at sending-end.
Conclusions
The whole ground return current behaviour along UGC (and not only some values at given sites) can be computed by means of MCA. Comparisons with EMTP-RV are fully satisfactory with errors much less than 1%. It is worth highlighting that EMI and AC corrosion possibilities can be evaluated (only) with realistically accurate and safe knowledge of steady-state IGR behaviour. The paper deals with the IGR computation in faulty occurrence but some authors have also shown it in steady-state regimes [7] . The following conclusions can be drawn:
 The steady-state |IGR| for CB with PTs is almost null (not shown in this paper, see [7] ) so that, in this aspect, the UGC gives greater guaranties than OHL for ac corrosion issues and electromagnetic interference [7] ;  The short circuit |IGR| is significantly influenced by the different values of both the major section CB box resistances and the substation grid ones since the metallic screens are earthed at each major section and at the substation sites: the lower the value of substation grid resistances the lower the magnitude of ground return current;  The use of sequence impedance approach only for short circuit computations gives slight errors since the transposed UGCs are a rather symmetric system. Of course, the sequence theory approach cannot give |IGR|;  The double-circuit UGC gives (in the same conditions of single-circuit UGC) lower ground return current magnitudes;  k-factors are valid for solid bonded cables. They are not applicable to cross-bonded UGCs whether single-circuit or a double-circuit;  IEC 60909-2 and 60909-3 give k-factors only for solid bonded three single-core cables laid in trefoil and flat configurations so that no evaluation is possible for cross-bonded cables which are the usual screen arrangement of HV-EHV cables. IEC k-factor applied to SB cables in flat laying gives an underestimate of about 10%.
Once again, MCA has been compared with EMTP-RV environment with a fully satisfactory agreement. In conclusion the authors hope to have given a powerful tool which allows the reader to implement MCA matrix algorithms, and to know the exact and complete behaviours of UGC screen and phase faulty regimes including ground return current.
